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Enhanced doxorubicin transport to multidrug resistant
breast cancer cells via TiO2 nanocarriers†
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Narayan S. Hosmaned and Aiguo Wu‡*a
In order to overcome the multidrug resistance of breast cancer cells, doxorubicin was loaded onto TiO2
nanoparticles in which the electrostatic interactions hold the drug and the nanoparticles together. The
anticancer activity of this nanocomposite was evaluated in multidrug resistant breast cancer cells. In
nanocomposite treated MCF-7/ADM cells, drug accumulation increased with enhanced anticancer
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activity about 2.4 times compared to that of doxorubicin alone. The potential mechanism of enhanced
drug accumulation is ascribed to the fact that the nanocomposite directly transports the drugs into cells
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via internalization, bypassing the P-glycoprotein mediated doxorubicin pumping system. Our results
reinforce that the nanocomposite, as a pH controlled drug release system, could be used to overcome
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multidrug resistance of human breast cancer cells.

1.

Introduction

Chemotherapy is a major clinical approach for treatment of
malignant tumors, but multidrug resistance of cancer cells is a
major cause of failure in chemotherapy.1 Over expression of Pglycoprotein (P-gp) on the membrane of cancer cells is considered to be the main mechanism of multidrug resistance.2 It has
been shown that P-gp can pump the drugs out, thus reducing
intracellular drugs accumulation and weakening the anticancer
eﬀect of drugs.3 The development of nanotechnology-driven drug
delivery has the potential to revolutionize cancer therapy.4,5 It has
also been suggested that nanoparticle-based drug delivery may be
able to circumvent P-glycoprotein mediated drug resistance in
cancer and, consequently, reversing multidrug resistance.6
Recently, a variety of inorganic nanocarriers, such as iron oxide
nanoparticles, mesoporous silica nanoparticles, graphene oxide
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and titanium dioxide nanoparticles have been studied for drug
delivery and therapy in multidrug resistant cancers.7–12
TiO2 nanoparticle is a potential dynamic therapy agent in
cancer therapy due to excellent biocompatibility and its
unique photocatalytic properties.13,14 Recently, our group has
synthesized multifunctional Fe3O4–TiO2 nanocomposite for
potential applications in both magnetic resonance imaging
(Fe3O4 constituent) and inorganic photodynamic therapy
(TiO2 constituent).15 In addition, TiO2 nanoparticles have also
received much attention in the eld of drug delivery of
chemotherapeutic agents. Yan Chen et al. constructed DOX–
TiO2 composite as a drug delivery system.16 The results show
that this drug delivery system markedly increased the anticancer eﬃciency of the drug per dose in human SMMC-7721
hepatocarcinoma cells. In another study reported by Ying Qin
et al., TiO2-loaded DOX was prepared by non-covalent
complexation (TiO2/DOX) and/or covalent conjugation (TiO2–
DOX). The therapeutic eﬃcacy of two diﬀerent loading modes
was evaluated in C6 glioma cells. The results show that noncovalent TiO2/DOX composite exhibited an increased cytotoxicity toward C6 cells compared to that of DOX alone, while the
covalent composite of TiO2/DOX showed decreased cytotoxicity.17 The study indicates that the therapeutic eﬃcacy is
strongly dependent on its nature of interaction between TiO2
nanoparticle surface and loaded DOX, which provides important information for the future applications of TiO2 nanoparticles as drug carriers.
In our recent work, the Fe3O4@TiO2 core–shell nanocomposites with 6–8 nm diameter have been explored as carriers
for DOX delivery in drug-resistant ovarian carcinoma cells.12
Accordingly, the DOX was loaded on TiO2 surface by a labile
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2.

Experimental section
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2.1. Materials

Scheme 1 Preparation of TiO2/DOX nanocomposite. Molar ratio of DOX to TiO2
was 0.55%. Surface of TiO2 was modiﬁed by DOX through electrostatic
interaction.

DOX, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and nuclear dyes Hoechst 33342 were obtained from
Ningbo Hangjing biotechnology Co. Ltd. (Ningbo, China). The
FITC labeled phalloidine was purchased from Sigma-Aldrich
(Shanghai, China). Fetal bovine serum (FBS), Dulbecco's
modied eagle's medium (DMEM), penicillin–streptomycin
solution and trypsin–EDTA solution were purchased from Gibco
(Grand Island, USA). All other reagents were of analytical grade.
2.2. Preparation and characterization of TiO2/DOX
nanocomposite

Scheme 2 Illustration of TiO2/DOX overcoming multidrug resistance of MCF-7/
ADM cells. The TiO2/DOX nanocomposite transports the drug into intracellular
cytoplasm via internalization. The drugs are released due to acidic environment of
endosomes, and then accumulate in the nucleus, thus bypassing the P-gp
mediated free DOX eﬄux.

7(non-covalent) bond, and this bond was sensitive at very low
pH value, such as pH ¼ 2. The results indicated that Fe3O4@TiO2 nanocarriers could enhance DOX uptake via clathrinmediated endocytosis in multidrug resistant cancer cells.
However, the Fe3O4@TiO2 core–shell with DOX nanocomposites can not be broken upon acidication in the endosomes, for example, at pH ¼ 4–5. It means that even if the drug,
DOX can be accumulated inside the cancer cells, but it could
not be eﬀective on overcoming the multidrug resistance
because the drugs are not easily released in the endosomes
around pH ¼ 4–5.12 Thus, it is this challenge that led us to
explore a weak acidic environment triggered drug release
system to overcome drug-resistance, in which TiO2 nanoparticles were used as carriers of DOX to forming TiO2/DOX
nanocomposites as shown in Scheme 1. We report herein the
results of this study to conrm enhanced DOX transporting to
human breast cancer (MCF-7/ADM) cells, thus overcoming the
challenge of multidrug resistance. The results imply that TiO2/
DOX nanocomposite carriers transport DOX to the cytoplasm
via internalization into endosomes bypassing the P-gp mediated DOX eﬄux. Presumably, the drugs are released in acidic
endosomes, and then accumulated in intracellular nucleus
(Scheme 2). Subsequently, TiO2/DOX carriers reverse the
multidrug resistance of MCF-7/ADM cells leading to enhanced
anticancer activity of DOX up to 2.4 times when compared to
that of DOX alone.
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Colloidal TiO2 nanoparticles were prepared by a method based on
our previous work with modication.18 Briey, the nanoparticles
were synthesized by drop-wise addition of TiCl4 to cool ultrapure
water, and were dialyzed with ultrapure water. Then, to improve
the crystallinity of nanoparticles, the colloid was heated in a
vessel at 200  C for 10 hours, and the prepared colloidal TiO2 was
stored at 4  C. Concentration of Ti was determined by ICP-MS
(NexION 300, Perkin-Elmer, US), and was then diluted to 75 mM
by ultrapure water. Colloidal TiO2 nanoparticles (75 mM) were
stirred, DOX (0.5 mM) was drop-wise added into the colloidal
solution and stirred for 24 h. To ensure the stability of TiO2/DOX,
molar ratio of DOX to TiO2 was adjusted to 0.0055. Aer stirring,
the solution was centrifuged at 12 000 rpm for 30 minutes to
separate TiO2/DOX and the resulting nanocomposite was washed
three times with ultrapure water and then stored at 4  C. The UVvisible and infrared spectrum (IR) spectra of TiO2, TiO2/DOX and
DOX were characterized respectively by NanoVue (GE healthcare,
UK) and Fourier transform infrared spectrometer (Thermo
Nicolet 6700, US). The zeta potentials and average diameters of
TiO2 nanoparticles and TiO2/DOX nanocomposite were determined by Particle Size-Zeta Potential Analyzer (Nano ZS, Malvern
Instruments Ltd, England). For measurement of TiO2/DOX
stability, 10 mL of TiO2/DOX (7.5 mM/0.04 mM) colloidal solution
was stored in ultrapure water for 7 days at room temperature, and
the diameter of TiO2/DOX was determined every day by the
Particle Size-Zeta Potential Analyzer.
2.3. Drug release
DOX release experiments from TiO2/DOX nanocomposites were
investigated at pH ¼ 7.4, pH ¼ 5.0 and pH ¼ 3.0. TiO2/DOX (30
mM/0.165 mM) was transferred into three dialysis bags, and each
bag contained 5 mL TiO2/DOX. The dialysis bags were then
immersed into 20 mL buﬀer solution at pH 7.4, 5.0, or 3.0
respectively. The dialysis solution was stirred for 48 hours at 37  C.
A 1 mL external dialysis solution was collected at scheduled time
intervals, and replaced with the same fresh buﬀer solution.
UV-visible absorptions of DOX concentration gradients from 0.25
to 0.0036 mM were characterized respectively by NanoVue.
Concentration–absorption curve of DOX was calculated according
to UV-visible absorptions of DOX concentration gradients. The
amount of released DOX in the dialysis solution was then determined by UV-visible spectra.
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2.4. Cell culture
Drug sensitive (MCF-7) and multidrug resistant (MCF-7/ADM)
cell lines of human breast cancer were obtained from Ningbo
No.2 Hospital. The cells were cultured in DMEM medium supplemented with 10% fetal bovine serum, 100 U mL1 penicillin,
and 100 mg mL1 streptomycin, and in a humidied incubator
at 37  C in air with 5% CO2.
2.5. In vitro cytotoxicity of TiO2 nanoparticles
Cytotoxicity of TiO2 nanoparticles in MCF-7 and MCF-7/ADM
cells was measured by the MTT assay. Cells were grown in 96well plates with a number of 1  104 cells per well for 24 h and
the cells were then incubated with fresh DMEM or various
concentrations of TiO2 nanoparticles containing DMEM for
another 24 h. Aer 24 h incubation, 10 mL MTT (5 mg mL1 in
PBS) was added into each well. Aer 4 h of treatment, the MTT
solution was removed and 100 mL DMSO was added to dissolve
the formazan crystals. Finally, the absorbance was measured at
570 nm using a Microplate Absorbance Reader (Biorad
iMARK, USA) and the cell viability was calculated.
2.6. Elemental uorescence mapping
The cells were grown on sterile Malay lm. Aer incubated with
TiO2 nanoparticles or TiO2/DOX nanocomposite for 2 h, the
cells were washed with PBS for 3 times and were xed with 4%
formaldehyde solution for 30 min and then washed with
ultrapure water. Element uorescence maps of cells were conducted at hard X-rays BL15U beamline at Shanghai Synchrotron
Radiation Facility (Shanghai, China). Energy of X-ray was 10
keV, and beam spot was 0.5  0.5 mm. Scan time was 1 second at
each step. Elemental maps of S, Cl, Ca, Ti, Fe, Cu and Zn in cells
were acquired as described previously.19

RSC Advances
h, the culture media were replaced by fresh DMEM, TiO2/DOX
nanocomposite or DOX alone containing DMEM. The DOX
concentrations were 1, 5, and 10 mg mL1 corresponding to
TiO2/DOX nanocomposite or DOX alone containing DMEM.
Subsequent experiments were performed as described above.
2.9. Statistical analysis
Data are presented as the mean  standard deviation. The
Student's t test was used for signicance testing and p < 0.05
was considered to be statistically signicant.

3.

Results and discussion

3.1. Characterizations of TiO2/DOX
The maximum loading eﬃciency of DOX onto TiO2 surface was
determined to be 1.1% with one mol of TiO2 carrying 0.011 mol
of DOX. However, in order to keep the stability of the TiO2/DOX
nanocomposite, the molar ratio of DOX to TiO2 was adjusted to
0.55%. (For details see Fig. S4 of ESI.†)
As shown in Fig. 1A, UV-visible absorbance of TiO2 showed a
red shi aer DOX loading, which suggested that the surface of
TiO2 was modied by ligand (DOX).20 Since the loading amount
of DOX was only 0.55%, its UV absorption was very weak
compared to those of TiO2 nanoparticles and TiO2/DOX nanocomposite as shown in Fig. 1A.
The IR spectra of TiO2, TiO2/DOX and DOX are shown in
Fig. 1B and the DOX molecular structure is presented in Fig. 1C.
The IR spectrum (4000–900 cm1) of TiO2 consisted of two
absorption bands: (1) a broad band centered at 3428 cm1 was

2.7. Confocal laser scanning microscopy
The MCF-7 or MCF-7/ADM cells (1  105) were seeded into 35 mm
culture dishes and incubated for 24 h. The growth media were
then replaced by fresh DMEM, TiO2/DOX nanocomposite or DOX
alone containing DMEM at equivalent DOX concentration (5 mg
mL1). Aer incubation for 2 h, cells were washed three times by
PBS. Cells were xed with 4% formaldehyde for 30 min, rinsed
with PBS and then they were incubated with 0.2% Triton X-100 for
10 minutes, followed by washing with PBS. Aer the addition of
1% BSA solution to block the nonspecic binding sites, the cells
were then stained with 50 mg mL1 FITC–phalloidine for 1 h at
room temperature and washed with PBS. Finally, the cells were
stained with Hoechst 33342 (2 mg mL1) for 15 minutes, followed
by washing with PBS. These culture dishes were examined with a
Leica TCS SP5 confocal microscope (Leica Microsystems, Germany). Excitation and emission wavelengths (nm) used for
Hoechst 33342, FITC–phalloidine and DOX were respectively 405
and 420 nm, 488 and 525 nm, 488 and 585 nm.
2.8. In vitro reversal of drug resistance for cancer cells
The MCF-7 or MCF-7/ADM cells were seeded into 96-well plates
with a number of 1  104 cells per well. Aer incubation for 24
This journal is ª The Royal Society of Chemistry 2013

Fig. 1 (A) UV-visible absorption of TiO2 nanoparticles, TiO2/DOX nanocomposite
and DOX solution. The absorption of TiO2/DOX showed a red shift compared with
TiO2. (B) IR spectra of KBr pellets of TiO2, TiO2/DOX and DOX powder. The TiO2/
DOX corresponds to the main peaks of TiO2 or DOX, but no new band was
formed. (C) The molecular structure of DOX. (D) Zeta potential of TiO2 nanoparticles and TiO2/DOX nanocomposite. At pH 7.4, zeta potential of TiO2 was
45.5 mV, and that of TiO2/DOX was 39.1 mV.
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due to a stretching mode of vibration of O–H groups linked to a
TiO2 surface, and (2) a narrower band at 1633 cm1 was the
scissoring vibration of adsorbed water molecules.20 On the other
hand, the IR spectrum of DOX contained many peaks of
absorption. While a previous study proposed oxhydryl or carbonyl
groups as binding functionalities to TiO2 nanoparticles, it is
possible that the binding peaks of DOX could be a broad band
centered at 3444 cm1 due to O–H stretching vibrations, a narrow
band at 1724 cm1 corresponding to stretching vibration of C]O
group, a weak band at 1380 cm1 could be associated with the
vibration of O–H in phenolic hydroxyl moiety, and another
narrow band at 1284 cm1 is presumably due to vibration of O–H
in alcoholic hydroxyl group.16,21 Nonetheless, the absorption
peaks for TiO2/DOX are mainly the peaks of TiO2 or DOX, but no
new bands were observed. The results unambiguously conrmed
that the DOX loading onto TiO2 surface is indeed through a noncovalent bond process. Previous reports showed that the more
likely TiO2 binding sites of DOX were deduced to be the –OH, and
the binding was labile.12
Moreover, the successful loading of DOX to the surface of
TiO2 was evident by the diﬀerence in zeta potential (Fig. 1D). At
pH ¼ 7.4, zeta potential of TiO2 was 45.5 mV due to the surface
hydroxyl groups. At the same pH value, aer DOX was loaded
onto TiO2 surface, zeta potential of the resulting nanocomposite
was found to be 39.1 mV due to amino group of DOX molecule
indicating the adsorption of DOX onto TiO2 surface was also via
electrostatic interaction.
3.2. Size distribution and pH controlled drug release of
TiO2/DOX
The size distributions of TiO2 and TiO2/DOX are shown in
Fig. 2A. The average diameter of TiO2 was about 106 nm, and
TiO2/DOX was about 113 nm. The photographic images of TiO2,
TiO2/DOX and DOX solutions are shown in Fig. 2A.
As shown in Fig. 2B, the size of TiO2/DOX was changed from
about 113 nm to 115 nm in seven days. It could be found that
the size of TiO2/DOX was changed very slowly, which indicated
the TiO2/DOX was stable in ultrapure water.
Furthermore, the pH sensitivity of DOX release was determined. Fig. 2C showed drug release kinetics of TiO2/DOX at pH
7.4, 5.0 and 3.0 in buﬀer solution, which imitated the pH of
physiological blood, endosome or lysosome, respectively. The
similar acidity value for pH controlled drug release has been
reported previously.22 It could be observed that the cumulative
release ratio of DOX was enhanced from 28% to 68% with the
pH value decreased from 7.4 to 3.0 in 48 h. Protonation of DOX
occurred at lower pH, that could release chemisorbed drug into
the dialysis solution.23 Moreover, the negative charge on TiO2
surface could be turned into positive at acidic pH, which
attenuated the electrostatic interaction between TiO2 and DOX
to enhance the drug release. The results indicated TiO2/DOX
was partially pH controlled drug release system.
3.3. Cytotoxicity of TiO2 on human breast cancer cells
Although it has been demonstrated that TiO2 nanomaterial is
environmentally friendly and relatively nontoxic,24 the drug-
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Fig. 2 (A) Size distribution of TiO2 and TiO2/DOX. Average sizes of TiO2 or TiO2/
DOX were 106 and 112 nm respective. (B) Stability of TiO2/DOX in ultrapure
water. (C) Drug release of TiO2/DOX at diﬀerent pH value.

loading of TiO2 was diluted to half of the maximum loading in
this study, thereby enhancing the amount of TiO2 in subsequent administration of the nanocomposite. Thus, in vitro
cytotoxicity of high quantity of TiO2 was determined by MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide)
(Fig. 3). It could be estimated that up to 200 mg mL1, the TiO2
does not exhibit any signicant viability loss in both MCF-7 and
MCF-7/ADM cells. A 200 mg mL1 quantity of TiO2 was used as
the maximum dose in subsequent experiments.
3.4. X-ray uorescence maps of cancer cells
To acquire direct visual distribution of titanium arising from
TiO2 or TiO2/DOX in cancer cells, the X-ray uorescence
microscope (XFM) was used to map elemental uorescence of
cancer cells. A hard X-ray beam of 10 keV energy was used at
Shanghai Synchrotron Radiation Facility to excite elemental S,
Cl, Ca, Ti, Fe, Cu and Zn in cancer cells, which have X-ray
emission lines in 10 keV.25 The biogenic element sulfur (blue)
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Fig. 3 Cytotoxicity of TiO2 in human breast cancer MCF-7 and MCF-7/ADM cells
with incubation time of 24 h. Data were expressed as the mean  standard
deviation of three experiments. Statistically signiﬁcant diﬀerences were evaluated
using the Student's t test.

was used to sketch cells as shown in Fig. 4. Element titanium
was depicted as red or yellow (red and yellow respectively
indicated low and high quantity of Ti). Aer incubation with
200 mg mL1 TiO2 or TiO2/DOX for 2 hours, as shown in S and Ti
overlapped pictures, most of Ti was distributed around the edge
of cells. The XFM revealed that the Ti was mainly distributed in
cytoplasm in both MCF-7 (Fig. 4A) and MCF-7/ADM (Fig. 4B)
cells and not in their nuclei. It has already been demonstrated
that TiO2 nanoparticles are internalized by cancer cells via
endocytosis to form endosomes having acidic environment
around pH ¼ 4 and that while DOX is loaded onto TiO2 nanoparticles through a non-covalent interactions, it can also be
released from the surface of TiO2 in acidic environment.26
Unfortunately, DOX could not be detected by XFM.
3.5. Intracellular localization of drugs
In order to investigate the behavior of intracellular DOX alone
or TiO2/DOX nanocomposite, the localization of the drug in
MCF-7 or MCF-7/ADM cells was observed by confocal microscopy. Amount of DOX was adjusted to the same value (5 mg
mL1) in the treatment of DOX alone or TiO2/DOX nanocomposite. The FITC–phalloidine and Hoechst 33342 were
used to label cell membrane (green uorescence) and nucleus
(blue uorescence), respectively. As shown in Fig. 5A, the DOX
alone treated MCF-7 cells showed red uorescence and all of
the DOX were located in the nucleus. This is in agreement with
the widely accepted mechanism of cytotoxicity of DOX in
which the cytotoxicity arises mainly from the direct intercalation of DOX into DNA and, subsequently, inhibition of DNA
replication in nucleus.13 In the treatment involving in TiO2/
DOX nanocomposite, most of the drugs were distributed in the
nucleus, while some in granular form were located in the
cytoplasm. Since DOX is a water-soluble species and will not
aggregate to form granules, the granules can be the only of the
TiO2/DOX nanocomposite that can be invaginated by cells to
form endosomes, but the drugs were not released completely
as seen in the X-ray uorescence microscopy (XFM). Fig. 5B
shows intracellular localization of drugs in MCF-7/ADM cells.
The cells treated by DOX alone showed a weak red uorescence
signal in the nucleus. Since multidrug resistance of cancer is
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Fig. 4 X-ray ﬂuorescence maps of (A) MCF-7 cells and (B) MCF-7/ADM cells
treated with TiO2 or TiO2/DOX. Cells were incubated with TiO2 or TiO2/DOX at
equivalent TiO2 concentration (100 mg mL1) for 2 h. Scanning was performed
using 10 keV incident energy with the scale bar as 20 mm. Beam spot was 0.5 
0.5 mm and scan time was 1 second at each step. Blue ﬂuorescence showed
biogenic elemental sulfur in cells. Titanium of TiO2 or TiO2/DOX was showed as
red or yellow (red and yellow, respectively, indicated low and high quantity of Ti).

associated with high expression of P-gp that can transport
DOX,27 the MCF-7/ADM cells can actively pump out free DOX
leading to reduced nuclear drug accumulation. In comparison
with DOX alone treatment, more red uorescence was accumulated in cellular nuclear region with some red granules in
cytoplasm of MCF-7/ADM cells in the case of combined TiO2/
DOX treatment. The red granules were found to be none other
than TiO2/DOX encapsulated endosomes that is in accordance
with our presumption. Therefore, the DOX delivery to the
cancer cells through TiO2 nanocarriers should be via endocytosis in which the invaginated plasma membrane envelopes
the TiO2/DOX nanocomposite to form endosomes that can
bypass the P-gp mediated drug pumping system for drug
delivery.28 The acidic environment of the endosomes should
release DOX from TiO2 surface and the released drugs could
then interact with the DNA in the nuclei as an eﬀective
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Fig. 6 Anticancer eﬀects of DOX or TiO2/DOX in human breast cancer cells. (A)
MCF-7 cells and (B) MCF-7/ADM cells, incubated with DOX or TiO2/DOX for 24 h.
Data were expressed as the mean  standard deviation of three experiments.
Statistically signiﬁcant diﬀerences were evaluated using the Student's t test (*p <
0.05; **p < 0.01).

3.6. Anticancer eﬀects of DOX or TiO2/DOX on cancer cells

Fig. 5 Confocal microscopy images of cancer cells treated with DOX or TiO2/
DOX with the scale bar as 50 mm. (A) MCF-7 cells and (B) MCF-7/ADM cells,
incubated with DOX or TiO2/DOX at equivalent DOX concentration (5 mg mL1)
for 2 h. Blue ﬂuorescence showed Hoechst 33342 labeled nuclei, green ﬂuorescence indicated FITC–phalloidine stained cell membrane, and red ﬂuorescence
was localization of DOX.

chemotherapeutic agent. Thus, more strong red uorescence
signals are evident in the nucleus, while some red granules are
found in the cytoplasm. Nonetheless, the results do indicate
that the TiO2/DOX nanocomposites were part of pH controlled
intracellular drug delivery system.

20860 | RSC Adv., 2013, 3, 20855–20861

Although enhanced accumulation of DOX in the nucleus was
observed in TiO2/DOX treated MCF-7/ADM cells, it is still
unknown whether this enhanced drug accumulation could
overcome the drug resistance of the cells and thus warrants
further investigation through subsequent experiments. Fig. 6
shows anticancer eﬀects of DOX alone and TiO2/DOX nanocomposite in human breast cancer cells. Accordingly, for drug
sensitive MCF-7 cells (Fig. 6A), TiO2/DOX exhibited a slightly
higher anticancer eﬀect than that of DOX alone aer 24 h
incubation. In drug resistant MCF-7/ADM cells (Fig. 6B), DOX
alone did not exhibit signicant cytotoxicity, in fact only 16% of
the cancer cells were killed even when DOX concentration was
10 mg mL1. However, the TiO2/DOX nanocomposite transports
the drug directly into cells via internalization forming endosomes that can bypass the P-gp mediated drug pumping system.
Furthermore, the drug could be released easily in the acidic
environment of endosomes or lysosomes, in which the pH was
4–5. Therefore, 40% of MCF-7/ADM cells were killed aer they
were treated with TiO2/DOX nanocomposite containing 10 mg
mL1 of DOX indicating the enhanced anticancer eﬀect of DOX
by about 2.4 times in drug-resistant cells when compared to
DOX alone. Evidently, TiO2, as a pH triggered drug release
system, can overcome the multidrug resistance in MCF-7/ADM
cells, and thus enhances the anticancer activity of DOX.

4.

Conclusions

In this work, DOX was loaded onto TiO2 nanoparticles to form
TiO2/DOX nanocomposite. The nature of the interaction
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between DOX and TiO2 nanoparticles was determined by UVvisible spectra, IR spectra and zeta potentials. The results
unambiguously conrmed that DOX is adsorbed onto TiO2
nanoparticles via electrostatic interaction. In order to ensure
greater stabilization of TiO2/DOX nanocomposites, only half of
the nanoparticle surface binding sites were utilized to load the
drug. Since TiO2/DOX nanocomposite is pH sensitive drug
delivery system, DOX can be released from the surface of TiO2
nanoparticles in the acidic environment of endosomes or lysosomes pH ¼ 4–5 as indicated by drug release kinetics, X-ray
uorescence microscopy (XFM) and confocal microscopy. These
results are diﬀerent from those observed in our previous study.12
The anticancer activity of TiO2/DOX nanocomposite was evaluated in multidrug resistant MCF-7/ADM cells indicating 2.4 times
anticancer activity of TiO2/DOX nanocomposite with increase in
accumulation of doxorubicin in MCF-7/ADM cells when
compared with that of DOX alone. The mechanism of reversed
multidrug resistance could be due to direct transfer of the drug
through TiO2/DOX nanocarrier into intracellular cytoplasm via
internalization and then bypassing the P-gp mediated pumping
system to release DOX (Scheme 2). Nonetheless, our study further
demonstrates that TiO2/DOX nanocomposite is part of pHcontrollable and very promising drug delivery system to overcome
the multidrug resistance in cancer chemotherapy.
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